The complex process of platelet formation originates with the hematopoietic stem cell, which differentiates through the myeloid lineage, matures, and releases proplatelets into the BM sinusoids. How formed platelets maintain a low basal activation state in the circulation remains unknown. We identify Lepr + stromal cells lining the BM sinusoids as important contributors to sustaining low platelet activation. Ablation of murine Lepr + cells led to a decreased number of platelets in the circulation with an increased activation state. We developed a potentially novel culture system for supporting platelet formation in vitro using a unique population of CD51 + PDGFRa + perivascular cells, derived from human umbilical cord tissue, which display numerous mesenchymal stem cell (MSC) properties. Megakaryocytes cocultured with MSCs had altered LAT and Rap1b gene expression, yielding platelets that are functional with low basal activation levels, a critical consideration for developing a transfusion product. Identification of a regulatory cell that maintains low baseline platelet activation during thrombopoiesis opens up new avenues for improving blood product production ex vivo.
Introduction
Platelet formation in vivo occurs through an intricate series of events initiated from the hematopoietic stem cell (HSC), which undergoes differentiation through the myeloid lineage to the megakaryocyte progenitor stage and then matures to form proplatelets (1, 2). These extruded proplatelets are released into the BM sinusoids, after which the shear forces of the circulation break them off into individual platelets. Remarkably, the platelets released into the circulation have very low levels of activation. How formed platelets are able to maintain low activation levels in vivo remains a longstanding question.
Significant advances have been made to generate platelets in vitro as alternative sources of blood products. Nevertheless, while megakaryocytes are readily able to generate new platelets in vivo, this feature is limited in culture (3) (4) (5) . Furthermore, existing methods have low efficiency and yield platelets with incomplete functionality at levels below those required for clinical use (4) . These culture systems predominantly consist of cells seeded on a culture plate with static growth media containing a cocktail of cytokines or small molecules and, thereby, embody only a partial representation of the native microenvironment. Recently, the addition of shear stress or turbulent forces to culture systems has been demonstrated to increase platelet production (4, (6) (7) (8) . While the VerMES bioreactor utilizing turbulent flow was able to generate significant quantities of platelets, it was not demonstrated whether the platelets generated with this device contained a microtubule coil, suggesting that they may be activated at baseline (8) . Thus, there is a need to improve current in vitro platelet production approaches to generate platelets with a low resting state. Cell signaling in megakaryocyte progenitors through direct or indirect contact with other cells natively found in the in vivo microenvironment has not been sufficiently investigated and may be the key to generating platelets in vitro with low levels of baseline activation.
Much effort has been focused on characterizing the HSC niche, but considerably less is known about the key cells and microenvironment necessary for megakaryocyte differentiation and platelet formation. The BM sinusoids are lined with populations of stromal cells overlapping in expression of CXCL12, stem cell factor (SCF), leptin receptor (Lepr), Nestin, Osterix (OSX), and paired related homeobox-1 (Prx-1) (9-11).
The complex process of platelet formation originates with the hematopoietic stem cell, which differentiates through the myeloid lineage, matures, and releases proplatelets into the BM sinusoids. How formed platelets maintain a low basal activation state in the circulation remains unknown. We identify Lepr + stromal cells lining the BM sinusoids as important contributors to sustaining low platelet activation. Ablation of murine Lepr + cells led to a decreased number of platelets in the circulation with an increased activation state. We developed a potentially novel culture system for supporting platelet formation in vitro using a unique population of CD51 + PDGFRα + perivascular cells, derived from human umbilical cord tissue, which display numerous mesenchymal stem cell (MSC) properties. Megakaryocytes cocultured with MSCs had altered LAT and Rap1b gene expression, yielding platelets that are functional with low basal activation levels, a critical consideration for developing a transfusion product. Identification of a regulatory cell that maintains low baseline platelet activation during thrombopoiesis opens up new avenues for improving blood product production ex vivo.
Perivascular cells marked by Nestin and overlapping with CD51 +

PDGFRα
+ expression contain all of the mesenchymal stem cell (MSC) activity of the BM, form a unique niche with HSCs, and actively play a role in regulating HSC mobilization from the BM (12, 13) . Murine megakaryocytes are thought to receive signals from endothelial or stromal cells lining the BM sinusoids, which promote megakaryocyte migration to the sinusoids (14) . However, the population of cells responsible for providing these signaling cues has not been definitively identified. Furthermore, whether MSCs may play a role in regulating HSCs differentiated into megakaryocytes has not been well investigated. Previously, it was shown that human BM MSCs (bMSCs), defined by their adherence to tissue culture plates, can improve platelet formation in vitro, although the nature of the cells was not well defined (15) . Human umbilical cord (UC) tissue, has also been shown to harbor MSCs, although these cells have not been thoroughly characterized (16) (17) (18) (19) (20) (21) .
In this study, we describe the potentially novel role of Lepr + perisinusoidal stromal cells in assisting platelets to maintain low levels of basal activation in the circulation in vivo. Furthermore, we identify and rigorously characterize a population of CD51 + PDGFRα + perivascular stromal cells found around human umbilical arteries with similar platelet-promoting properties. Specifically, we demonstrate that these cells can not only enhance platelet formation in culture, but also importantly lead to the production of platelets with low basal activation, which are nevertheless functional following stimulation. The identification of MSCs for their ability to increase platelet numbers that are in a lower activation state expands the knowledge base of the megakaryocyte cell microenvironment, initiates drug development to target platelet-mediated inflammation or disorders of platelet activation, and potentially leads to the development of improved methods for ex vivo platelet production.
Results
Lepr
+ perisinusoidal stromal cells assist in maintaining low basal platelet activation in vivo. We investigated the role of stromal cells in reducing activation of platelets in vivo. Murine megakaryocytes are thought to receive signals from endothelial or stromal cells lining the BM sinusoids, which promote megakaryocyte migration to the sinusoids. However, the effect of the stromal cells on lowering platelet activation has not been investigated. We generated a triple transgenic mouse model containing Lepr, tdTomato, and diphtheria toxin fragment A (DTA) expression, which -upon recombination -lead to the depletion of tdTomato-labeled Lepr + cells lining the BM sinusoids. Expression of tdTomato in Lepr + cells was used to evaluate the level of DTA-mediated depletion. The DTA mice appeared normal in behavior, had normal skeletal formation, and did not have any differences in weights at 3 or 11 weeks of age (Supplemental Figure 1I ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.126982DS1) compared with the control mice. We confirmed the depletion of Lepr + cells in the DTA group compared with the control group ( Figure 1A) . Interestingly, there was no significant change in the number of megakaryocytes found in the BM ( Figure 1B) . A complete blood count with differential revealed a significant decrease in the platelet number in the DTA group compared with the control ( Figure 1C ) but no other significant changes among other blood cell types (Supplemental Figure 1 , A-H). We did not observe any changes in platelet α-granules at baseline, as assessed by intracellular vWF levels (Supplemental Figure 2A) . Furthermore, platelets from the DTA group did not have any significant changes in their levels of phosphorylated serine or phosphorylated tyrosine at baseline (Supplemental Figure 2 , B and C). However, we observed a significant increase in the basal levels of CD62P + -activated platelets in the BM compared with the control group (Figure 1, D-F) , along with increased levels of integrin αIIβ3 (Supplemental Figure 2D) . We did not observe any significant difference in the clearance of platelets in the DTA group compared with the control group ( Figure 1G ), affirming previous studies demonstrating that platelet activation does not affect the rate of platelet clearance (22) . Platelets from the DTA mice were able to activate in response to 80 μg/ml collagen, 1 U/ml thrombin, and 20 μM ADP (Supplemental Figure 3 , A-C) and induce platelet surface exposure of phosphatidylserine (PS) (Supplemental Figure 3D) . Interestingly, platelets from DTA mice were hyperreactive in response to thrombin (Supplemental Figure 3B) . This suggests that MSCs may act on the thrombin-mediated Par1/Par4 activation pathway and not the collagen-induced GPVI/GPIbα pathways or ADP-mediated pathways through P2Y1/P2Y12. Collectively, these findings suggest that stromal cells play a role in platelet production, assisting to lower the basal activation state of produced platelets and helping to maintain a normal ability to activate in response to thrombin.
Isolation and characterization of UC tissue stromal cells. We next tested whether stromal cells from human tissues have the same effect on platelet formation. Since cord blood-derived CD34 cells have been shown to differentiate into megakaryocytes with high efficiency compared with those isolated from peripheral blood and BM, we focused on identifying a compatible stromal cell from human UC tissue (23) . Previous studies have identified MSC-like cells in human UC tissue, but the cells were not well defined (16) (17) (18) (19) (20) (21) . Unlike previously isolated UC tissue stromal cells, which have been primarily derived from Wharton's jelly (17) (18) (19) 21) , we focused on isolating arterial-derived stromal cells since perivascular cells around arteries have been shown to regulate hematopoietic cell production during development (24 (Figure 2A ). To confirm the location of these cells in the umbilical artery, we imaged UC tissue sections with confocal microscopy. Stromal cells positive for both CD51 and PDGFRα were located in the perivascular region ( Figure 2B ), whereas CD51 + PDGFRα -cells were present within in the tunica media ( Figure 2B ).
To further elucidate the MSC phenotype among the UC-derived stromal cell population, we investigated their cell surface protein expression and genomic profile. These cells expressed a panel of surface markers representative of MSCs (25) , including CD105, CD90, CD73, CD271, CD44, CD146, PDGFRβ, and Stro-1, as well as early embryonic cell markers, including SSEA4 and GD2 ( Figure 2C) . Additionally, the cMSCs were positive for Nestin gene expression ( Figure 2D and Supplemental Table 1), although the expression was lower than that of bMSCs ( Figure 2D ). Furthermore, cMSCs were enriched for a variety of other HSC maintenance genes, similar to bMSCs ( Figure 2E ). In vivo platelet clearance analysis of NHS-Biotinlabeled platelets over 6 days (n = 3-4). **P ≤ 0.01; ****P ≤ 0.0001. Two-tailed t tests were performed for A-G.
When plated at a clonal density, cMSCs were able to adhere and propagate as individual colonies (Figure 3A) , which is an important feature of MSCs. To assess their ability to self-renew in culture, cMSCs were subjected to a spheroid formation assay (12, 26) . After 1 week in culture, cMSCs were able to divide and propagate as nonadherent cell spheroids ( Figure 3B ). The CD51 + PDGFRα + population of cMSCs was able to self-renew and produce spheroids at a significantly higher efficiency (0.7%) compared with the CD51 + P-DGFRα -(0.38%) population and the CD51 -PDGFRα -(0.33%) population ( Figure 3C ). Lastly, cMSCs were investigated for their potential to differentiate from a stem cell state to restricted lineages. cMSCs cultured as a monolayer were able to undergo osteogenic ( Figure 3D ), chondrogenic, and adipogenic differentiation, similar to human bMSCs ( Figure 3D) . However, the level of adipogenic differentiation was lower in UC tissue stromal cells compared with those from BM ( Figure 3D ). Collectively, the genetic expression, cell-surface expression, self-renewal capacity, and ability to undergo trilineage differentiation suggest that these UC-derived cells are enriched for MSC activity and share a similar phenotype with those found in BM.
cMSCs enhance platelet formation in vitro. Megakaryocyte induction from cord blood-derived CD34 + cells was conducted using previously established methods (4) . Following an 8-day differentiation protocol, flow cytometry analysis revealed a decrease in CD34 expression ( Figure 4A ) coinciding with an increase in . (E) cMSCs were enriched for a number of HSC maintenance genes, similar to BM MSCs (n = 4). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Two-tailed t tests were performed. mature megakaryocytes expressing both CD41a and CD42b ( Figure 4B ), demonstrating the differentiation of hematopoietic progenitor cells into the megakaryocyte lineage.
To determine if cMSCs can enhance platelet production from megakaryocytes, cMSCs were cultured as a monolayer with megakaryocytes differentiated for 8 days from CD34 + cells. After 4 days of coculture, proplatelets were seen extending from the megakaryocytes in culture with cMSCs ( Figure 4C ). As shown by immunofluorescence, these cells expressed mature megakaryocyte markers CD41a and CD42b ( Figure  4D ). We observed an increase (1.72-fold) in the number of platelets formed in the cMSC coculture group compared with the control group containing only megakaryocytes ( Figure 4E) .
Interestingly, megakaryocytes cocultured with cMSCs were more efficient at producing platelets (12 per input megakaryocyte) compared with megakaryocytes cocultured with bMSCs (4 per input megakaryocyte) and megakaryocytes cultured alone (2 per input megakaryocyte) ( Figure 4F ). Platelets generated in culture were examined for their basal activation level. Significantly fewer platelets in the coculture group expressed CD62P compared with the control group (Figure 4 , G-I), suggesting that cMSCs may act to reduce platelet activation.
Since thrombopoietin (TPO) is key factor in promoting megakaryocyte maturation, we measured levels of TPO in our cultures. Increased TPO levels were detected in the cocultures containing cMSCs compared with the control group (Supplemental Figure 4, A and B) . Analysis of cMSCs with real-time PCR revealed gene expression of THPO (Supplemental Figure 4C) , suggesting that these cells are producing and secreting TPO in culture and corroborating other findings that suggest that stromal cells produce TPO (27, 28) . We also found an increase in ploidy in the MSC coculture group compared with the control (Supplemental Figure 5) , consistent with increased megakaryocyte maturation. We next investigated whether contact is required between the cMSCs and megakaryocytes to enhance platelet formation. Using a 0.4 μM transwell system, we seeded cMSCs in the upper chamber and cultured the megakaryocytes below. Interestingly, we did not observe an increase in platelet number after 4 days of coculture in the transwell system, suggesting that direct contact was required between cMSCs and megakaryocytes to promote improved platelet formation ( Figure 4E ). We also evaluated whether cMSCs cultured as spheroids, as opposed to a monolayer, were able to enhance platelet formation from megakaryocytes differentiated from CD34 + cells. Spheroids cultured for 4 days in direct contact with megakaryocytes (Supplemental Figure 6A) were able to significantly increase the number of generated platelets compared with the control group (Supplemental Figure 6B) . Similar to what we observed with the monolayer culture conditions, there was a decrease in the CD62P expression in the cultured platelets (Supplemental Figure 6C) , as well as an increase in the number of + platelets relative to the control group (n = 10-15 for all cocultures). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. All quantitative data was analyzed by 1-way ANOVA with Tukey post hoc test.
platelets produced per input megakaryocyte progenitor cell (Supplemental Figure 6D) . Interestingly, we observed an increase in the platelet efficiency in the spheroid-based cMSC coculture system (26 per input megakaryocyte; Supplemental Figure 6D ) compared with the monolayer coculture system (12 per input megakaryocyte; Figure 4F ).
Altogether, these data indicate that MSCs, through cell-to-cell contact with megakaryocytes, increase platelet formation both in monolayer form and even more so in spheroid form. More importantly, the platelets produced in this culture system are lower in activation state, an important consideration for developing a transfusion product.
Platelets produced by cMSC-stimulated megakaryocytes are functional. A series of functional tests were conducted on the collected platelets from the coculture system. Vital platelets were assessed by uptake of CalceinAM dye and evaluated by flow cytometry, gating on particles of human platelet size. At baseline, cMSC cocultured platelets displayed increased expression of GPIbα (Supplemental Figure 7A) , suggesting that they are more mature. At baseline, both platelets from the cMSC and control group expressed very low levels of integrin αIIβ3 (Supplemental Figure 7B) and were not activated. The ability of platelets to activate in response to ADP agonist stimulation (200 μM) was assessed based on increased expression of PAC-1, measured by flow cytometry. After ADP agonist stimulation, generated platelets from the coculture system were able to significantly upregulate PAC-1 expression compared with the unstimulated group, confirming their functionality ( Figure 5, A-E) . Similarly, cMSC cocultured platelets were able to activate in response to thrombin stimulation (0.1 U/ml and 1 U/ml; Supplemental Figure 7C ) and collagen (20 μg/ml and 80 μg/ml; Supplemental Figure 7D ).
We also assessed the capacity for platelets to adhere to damaged blood vessels using a quantitative flow cytometry assay with fibrinogen-coated microbeads to mimic the vessel extracellular matrix (29) . Platelets from our coculture system were able to adhere to matrix-coated microbeads and increase their CD62P activation levels, as detected by flow cytometry ( Figure 5, F-H) . 
(F) Platelets stimulated with ADP were able to bind efficiently to matrix-coated beads (n = 3-4). (G) Bound stimulated platelets were activated and expressed CD62P to a greater extent than unstimulated bound platelets (n = 3-4). (H) Fold change of stimulated CD62P
+ platelets bound to matrix-coated beads relative to unstimulated platelets (n = 3-4). *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001. E was analyzed by 1-way ANOVA with Tukey post hoc test. F-H was analyzed by 2-tailed t tests.
The ability of platelets to spread on activated glass and remodel their cytoskeleton to form membrane protrusions indicative of early aggregation was observed with confocal microscopy. Platelets were stained with actin to confirm the presence of stress fibers due to cytoskeletal reorganization ( Figure 6, A-F) . When platelets were placed on a matrix-coated surface, they underwent further matrix reorganization and spreading ( Figure 6 , G-L), forming filopodia and lamellipodia, similar to primary donor platelets, demonstrating intact functionality.
Coculture-expanded platelets were analyzed with transmission electron microscopy (TEM) imaging to compare their morphology and ultrastructural features with those of platelets from human cord blood. Similar to native platelets ( Figure 7, A and B) , platelets from the coculture group (Figure 7 , C-G) displayed the presence of an open canalicular system, mitochondria, and α and dense granules. We also observed intact microtubule coils among our platelets (Figure 7 , E-G), further demonstrating that the cMSC coculture system is able to maintain platelets at a resting state. Interestingly, there was a significant increase in the presence of glycogen in the cocultured platelets compared with donor platelets (Figure 7 , H and I), suggesting that these platelets have unused energy reservoirs and are less metabolically active at their basal state.
cMSCs promote megakaryocyte maturation and proplatelet formation, and they prevent platelet activation. We next evaluated the expression of a number of genes known to play a role in increasing the potency of megakaryocytes to produce platelets. Src kinase inhibitors have been shown to increase megakaryocyte ploidy and in vitro platelet shedding (30) . Furthermore, they have been known to increase platelet yield in CD34-derived megakaryocytes cultured in vitro (30) . Interestingly, megakaryocytes cocultured with MSCs demonstrated lower expression of SRC, as analyzed by real-time PCR, compared with megakaryocytes cultured alone ( Figure 8A and Supplemental Table 1 ). Another gene, DIAPH1, negatively regulates proplatelet formation by controlling the dynamics of actin and microtubule cytoskeleton production (31) . Consistent with regulating proplatelet formation, we found that coculture with cMSCs decreased the expression of DIAPH1 compared with the control group ( Figure 8B) . Lastly, we observed a decreased expression of BAX, known to promote proplatelet formation and shedding (32) when downregulated, among the cMSC cocultured megakaryocytes compared with the control (Figure 8C ). We also assessed the expression of genes associated with lowering the basal activation state of formed platelets in megakaryocytes cocultured with cMSCs. Linker for Activation of T cells (LAT) has previously been shown to play a role in platelet activation (33) . We observed significantly decreased expression of LAT in the coculture group compared with the control group ( Figure 8D ), corresponding to a decrease in CD62P expression (Figure 4 , G-I, and Supplemental Figure 6C ). Another gene, RAP1b, was shown in mouse models to be necessary for integrin-mediated platelet activation and efficient platelet aggregation (34) . We observed an increased expression of RAP1B in the cMSC group compared with the control group ( Figure 8E ), suggesting that cMSCs may help to promote normal platelet aggregation.
To evaluate if the differentially expressed genes translated to changes in protein production, we conducted a reverse phase protein array (RPPA) comparing cMSC cocultured megakaryocytes with the control group (Supplemental Table 2 ). Interestingly, we observed an increase in IRF1 ( Figure 8F ) and STAT3 (Figure 8G) protein expression in the coculture group compared with the control, which has been shown to promote megakaryocyte differentiation and maturation mediated through TPO signaling, further supporting our observed increased TPO levels in the cocultures containing cMSCs compared with the control group (Supplemental Figure 4 and ref. 35) . Finally, overexpression of Cyclin D3 (CCND3) has been shown to increase megakaryocyte number and ploidy (36) . We observed an increase in CCND3 protein in our cMSC cocultures compared with the control (Figure 8H ), along with an increase in ploidy (Supplemental Figure  5) , further suggesting that cMSCs may assist in promoting megakaryocyte maturation. D) . cMSC cocultured platelets contained α and dense granulates, glycogen sources (marked by yellow arrowheads), and mitochondria similar to platelets from the control group. (E-G) cMSC coculture platelet containing an intact microtubule coil at resting state. Red and blue regions are magnified in F and G, respectively. (H) Quantification of the number of glycogen granules per platelet section in the cMSC coculture group compared with cord blood platelets (n = 11-24). (I) ELISA assay quantification of glycogen content in platelets normalized to the protein content per cell (n = 4-5) comparing platelets from cMSC cocultures with platelets from megakaryocytes cultured alone. *P ≤ 0.05; **P ≤ 0.01. Two-tailed t tests were performed.
Discussion
The ability to harness the innate function of coexisting cells in the megakaryocyte microenvironment may provide a novel model for improving platelet production in vitro. Human UC endothelial cells have been shown to enhance platelet production in an ex-vivo bioreactor setting (7). Additionally, human bMSCs have also been shown to improve platelet production, but the population of interest was poorly defined (15), leading to reproducibility challenges. In this potentially novel proof-of-principle study, we identify a population of CD51 + PDGFRα + perivascular stem cells found around the umbilical artery, which were rigorously characterized, and displayed a MSC phenotype. Remarkably, these cells were able to assist megakaryocytes to produce platelets in vitro, with a size and morphology similar to native human platelets. Further evaluation of the generated platelets revealed an ultrastructure resembling primary platelets, the ability to adhere and spread on matrix proteins, and the capacity to activate in response to agonist stimulation.
Newly formed platelets in vivo maintain low steady-state activation levels, even though they are subjected to high shear stress levels and apparent local turbulent forces (8, 37) . A critical component in developing a successful platelet product is ensuring a low level of baseline activation. Deletion of perisinusoidal stromal cells in mice resulted in decreased circulating platelets with an increased activation state and hyperreactivity , and BAX (C), which are associated with increased megakaryocyte maturation (n = 3-4). (D and E) Furthermore, megakaryocytes from cMSC coculture group had decreased gene expression for LAT1 (D) and enriched for expression of RAP1B (E) relative to platelets from the control cultures, suggesting that cMSCs help to keep megakaryocytes in a lower activation state (n = 3-4). (F-H) Platelets from cMSC coculture group had increased protein expression, as measured by reverse phase protein analysis (RPPA), for IRF1 (F), STAT3 (G), and CCND3 (H), relative to platelets from the control cultures, suggesting that cMSCs are able to promote megakaryocyte maturation (n = 7-8). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Two-tailed t tests were performed.
to stimulation by thrombin. Remarkably, in our culture system, cMSCs from human UC tissue similarly promoted low basal activation levels of platelets produced in vitro. Furthermore, we observed a decrease in LAT gene expression and an increase in RAP1B gene expression in the cMSC group compared with the control group, further supporting the appearance of low levels of platelet activation. TEM imaging of the platelet ultrastructure from the cMSC group further supported these findings, suggesting that these platelets have unused energy reservoirs and are less metabolically active at their basal state. Through TEM imaging and immunofluorescence, we demonstrate the presence of a microtubule coil around cMSC cocultured platelets, further suggesting that the platelets are maintaining a resting state before activation.
UC tissue is normally discarded after birth and represents an ideal tissue source for isolating MSCs. Whether cMSCs from UC tissue are comparable with other identified MSC populations from fetal and human adult tissues remains a topic for further study and may lead to additional sources of MSCs for enhancing platelet formation. Purified HSCs from UC blood units are already approved as a medical product by the US FDA, facilitating future translation of this technology. In our studies, we combined cMSCs and cord blood-derived HSCs from different patients -a process that was successfully able to improve platelet yields and may further simplify translation to the clinic.
In addition to generating platelets to serve as a new source for cellular therapy, this concept could possibly lead to the development of novel drugs for enhancing platelet production in patients with low platelet counts. Therapeutics targeting stromal cell populations in BM could potentially augment platelet production in patients with thrombocytopenia or hematological cancers. Conversely, the development of approaches to target stromal cells in order to lower platelet activation may reduce vascular inflammation or arterial thrombosis and directly benefit patients with cardiac disease.
Methods
Mouse experiments. Mouse strains were obtained from The Jackson Laboratory and include B6.129(Cg)-Lepr tm2(cre)Rck /J, B6.Cg-Gt(ROSA) 26Sortm14(CAG-tdTomato)Hze /J, and B6.129P2-Gt(ROSA)26Sor tm1(DTA)Lky /J. Lepr + DTA + mice (for murine activation studies) were generated by crossing Lepr + mice to DTA mice. Control mice contained Lepr but lacked DTA. Triple transgenic mice were generated by crossing Lepr + mice to tdTomato mice, and the progeny were crossed with DTA mice. Control mice contained Lepr and tdTomato expression but lacked DTA.
Cell isolation from human UC tissue, cord blood, peripheral blood, and BM. CD34 + cell isolation was conducted using previously established methods (4) . Cord blood units were obtained from the National Cord Blood Program (Long Island City, New York, USA). To isolate CD34 + cells, whole blood was separated on a ficoll gradient (GE Healthcare) with Sepmate PBMC isolation tubes (Stemcell Technologies), and RBCs were lysed using Pharm Lyse (BD Biosciences). Magnetic beads bound to CD34 (Miltenyi Biotec) were used for positive cell selection. Cell phenotype was confirmed with flow cytometry prior to plating for cell culture. CD34 + cells were cultured until day 8 of megakaryocyte differentiation in media, similar to our previous publications, consisting of Stemspan SFEM II (Stemcell Technologies) supplemented with 50 ng/ ml TPO (R&D Systems), 5 ng/ml SCF (R&D Systems), 1% penicillin/streptomycin (Invitrogen), and 1% nonessential amino acids (Invitrogen) (38, 39) . Cells differentiated into megakaryocytes were cultured in media containing TPO only.
Donor UC tissue was received from the National Disease Research Interchange (NDRI; Philadelphia, Pennsylvania, USA). Fresh harvested UC tissue was sent to NYBC and processed within 24 hours of collection. Umbilical arteries were dissected and cut into 0.5-cm segments. To obtain a single cell suspension for subsequent cell sorting or flow cytometry analysis, artery segments were sequentially digested for 1.5 hours with PBS containing collagenase type 1 (562 U/ml; Invitrogen) and hyaluronidase (1 mg/ml; Thermo Fisher Scientific) and were supplemented with 1 M CaCl 2 solution (MilliporeSigma) (40) . Prior to cell culture, plates were coated with fibronectin (20 μg/ml; Stemcell Technologies) for 1 hour. Umbilical artery fragments were washed with PBS and placed on top of coated plates to allow cells to migrate and adhere to the plate. After 72 hours, artery segments were removed. Culture media for UC or BM stromal cells consisted of MEM-α (Invitrogen) supplemented with 1% penicillin/streptomycin (Invitrogen), 20% FBS (HyClone), and 10% Human MSC Supplement (Stemcell Technologies).
Human bMSCs were obtained from Lonza. These cells were confirmed positive for surface expression of CD29, CD44, CD105, CD166, CD90, and CD73 and were negative for CD14, CD34, CD45, HLA-DR, and CD19. Cells were seeded in 12-well plates and used for experiments at passage 3-5.
To isolate platelets from human peripheral blood or cord blood, blood was spun down at 300 g for 10 minutes at room temperature (acceleration 0, deceleration 0). For nonactivation assays, the platelet-rich plasma (PRP) was treated with 1 μl/ml of Prostaglandin E1 (MilliporeSigma; P5515-1MG) for 10 minutes at 37°C. PRP was transferred to a new polypropylene tube and further centrifuged at 2,500 g for 15 minutes at room temperature (acceleration 0, deceleration 0) to obtain the platelet pellet, which was then resuspended in HBSS (1×; Thermo Fisher Scientific, 14175-079).
To isolate platelets from mouse peripheral blood, mice were anesthetized with 1.5%-2.5% Isoflurane (Piramal; NDC 66794-017-25) and bled by puncture of the submandibular vein. Collected blood was diluted into 500 μl HBSS buffer with 50 μl ACD solution. PRP was obtained by centrifugation at 300 g for 10 minutes at room temperature (acceleration 0, deceleration 0). The supernatant was transferred to a new tube and spun down at 2,500 g for 15 minutes at room temperature (acceleration 0, deceleration 0).
Immunofluorescence. UC tissues were fixed in 4% paraformaldehyde for 2 hours, placed in sequential gradients of increasing sucrose concentration, and embedded in Tissue-Tek OCT Compound (Electron Microscopy Sciences). Frozen sections 6 μm in thickness were generated at the Laboratory of Comparative Pathology of Memorial Sloan Kettering Cancer Center (New York, New York, USA).
Cultured cells, primary cells, and tissue sections were washed with PBS, followed by fixation with 4% paraformaldehyde. Cells were blocked for 2 hours at room temperature with PBS containing 0.1% Tween X-100 and 20% normal goat serum (Thermo Fisher Scientific). Primary and secondary antibodies were diluted in PBS containing 0.1% Tween X-100 and 2% normal goat serum. Samples were imaged at 10×-20× magnification on the Zeiss LSM 780 Laser Scanning Confocal Microscope and analyzed using Zen Blue Software (Zeiss).
To investigate platelet adhesion to matrix proteins, 24-well glass-bottom culture plates were coated with collagen (25 μg/ml; MilliporeSigma) for 30 minutes. Platelets were allowed to adhere for 1 hour at 37°C prior to fixation and staining, as detailed above. The following antibodies were used: Alexa-fluor 488 Phalloidin (Invitrogen, A12379) and Alexa-fluor 568 goat anti-rabbit (Invitrogen, A-11011); anti-β1 tubulin (Abcam, AB179511); and CD51 Alexa-fluor 488 (BioLegend, 920010, clone P1F6), CD140a Phycoerythrin (BioLegend, 323506, clone 16A1), CD31 eFluor 450 (eBioscience, 48-0319-42, clone WM-5a), CD41 Alexa-fluor 488 (BioLegend, 303703, clone HIP8), and CD42b Phycoerythrin (BioLegend, 303906, clone HIP1).
CFU fibroblast (CFU-F) assays. UC-derived stromal cells were sorted and seeded at a clonal density (2,000 cells/well) in 12-well adherent tissue culture plates. Cells were cultured with media consisting of MEM-α supplemented with 20% FBS (Hyclone), 10% human MesenCult Stimulatory Supplement (Stemcell Technologies), and 0.5% penicillin-streptomycin solution (Invitrogen). After 10 days, formed colonies were stained with Giemsa (Electron Microscopy Science) and quantified.
ELISA assays. To assess secreted TPO from the cocultures, supernatant was analyzed using the Human Thrombopoietin Quantikine ELISA Kit (R&D Systems). Glycogen content from the cocultured platelets was assessed using the Human Glycogen Synthase I ELISA kit (Abcam).
Sphere formation assays. UC-derived stromal cells were sorted and seeded at a clonal density (1,000-2,000 cells/well) in 35 mm ultra-low adherence tissue culture plates (Stemcell Technologies) and cultured with media previously described (13, 41) . Half of the media was changed weekly. Generated spheres were quantified after 10 days.
Trilineage differentiation assays. Methods for differentiation into chondrogenic, adipogenic, or osteogenic lineages was conducted as in our previous studies (24, 41, 42) . Briefly, adherent monolayers of bMSCs or UC tissue stromal cells were cultured to 75% confluence. The cell culture media was subsequently replaced with either MesenCult-ACF Chondrogenic Differentiation Medium (Stemcell Technologies), MesenCult Osteogenic Differentiation Kit (Stemcell Technologies) media, or Mesencult Adipogenic Differentiation Media (Stemcell Technologies). Toluidine blue was used to assess for chondrogenic differentiation, and Alizarin Red staining was performed to evaluate osteogenic differentiation using our previous methods (24, 41, 42) . For adipogenic differentiation, cells were stained with Oil Red O. Briefly, cells were fixed with formalin, washed with tap water, rinsed with isopropanol, and stained with Oil Red O solution for 15 minutes. After another rinse with isopropanol, cells were counterstained with hematoxylin and rinsed with distilled water.
Electron microscopy. Platelets were spun into pellets and fixed using 4% paraformaldehyde (Electron Microscopy Sciences) and 2% glutaraldehyde (Electron Microscopy Sciences) in 0.1 M sodium cacodylate (Electron Microscopy Sciences) at pH 7.4. After washing in sodium cacodylate buffer, pH 7.4 (Electron Microscopy Sciences), the samples were postfixed with a solution containing 1% osmium tetroxide (Electron Microscopy dilution curve was fitted with a logistic model. The protein concentrations of each set of slides were then normalized for protein loading.
Statistics. All statistical analysis was performed using Graphpad Prism 7. Statistical significance between 2 samples was determined using unpaired 2-tailed Student's t tests. For multiple sample comparison, 1-way ANOVA was done using Tukey post hoc test for multiple comparisons correction or repeated measure correction. P <0.05 was considered statistically significant. All quantitative data is represented by mean ± SEM.
Study approval. All human tissue specimens were designated exempt by the IRB of the NYBC. All animal experiments were approved by the IACUC of the NYBC.
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